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Abstract

A conceptua design for an LSST imaging system is presented which employs a multiple
capture per image scheme originally developed to enhance dynamic range in video
applications.

Intro to LSST imager

The LSST inmager systemis unique in size and data rate. Wth ~2.5
billion 16+ bit pixel values being generated every ~15 seconds, system
conmponents must have capabilities well beyond those in conmon use
today. Even with an 8+ year tinescale to operations, the definition and
design of the imaging systemnust be firmwithin as little as two
years. The LSST investigators nust evaluate the conpeting possibilities
and generate a baseline design during this first phase.

The critical detector requirenments assuming 10 second exposures are:
.) 8-10 nmicron pixel size

L) >95%fill factor

.) high QE (> 6@00nm >.85@00-900nm >.45@000nm

.) full well > 90000 el ectrons

.) read noise < 5 electrons

.) readout tine < 2 seconds.
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No such detectors are readily available. State-of-art and under-

devel opnent technol ogi es include: thick high-resistivity silicon back-
illum nated CCDs and hybrid silicon photodi ode-CMOS array detectors.
Thi s docunent is principally concerned with addressing itens 4, 5, and
6 above, that is, dynam c range, signal-to-noise, and readout tine.

There are problens with CCDs. The need for a nechani cal shutter, high
power dissipation, and a dw ndling manufacturer base, have generated a
growi ng interest in CMOS based detectors. However, existing CMOS
solutions are not yet capable of neeting the requirenments either.

Mich of the discussion of CMOS based detectors for LSST has centered on
conmerci ally devel oped i magers (Raytheon, Rockwell) that have evol ved
fromhybrid multiplexer arrays devel oped for infrared imaging. The
princi pal devel opment hurdle is to scale down hybrid bonding techni ques
to the 8-10 micron pixel pitch needed by LSST or to find alternate
techni ques. The nom nal node of operation under discussion for LSST is
a sequence of two exposures at ~10 seconds, each followed by a ~2
second readout and a tel escope re-pointing of ~5 seconds (overl apped



with the second readout). Analog data for each pixel would then be
digitized at 16 bits resolution. The sequence would then be repeated as
the tel escope narches through its set of fields covering the visible
sky once every few nights. The operation is essentially the sane as if
traditional CCDs were used and of course was spelled out with a CCD
based focal plane as the default position

Why stop there?

Academi ¢ and comercial research in CMOS i magi ng has denonstrated
capabilities that can be exploited. |In particular, it is highly
desirable to achi eve extended dynani c range and enhanced signal -to-

noi se ratios. A major benefit for photonmetric and astronetric
calibration can be achieved by maintaining sensitivity to faint objects
whil e simultaneously allow ng bright objects (eg. ~12 Mag) to be

i mmged. These objectives, and additional flexibility in cosnic ray
rejection and transient detection, may be inplenented by using the non-
destructive readout, pixel addressability and nmultiple capture
functions that have been devel oped for CMOS based i magers

To flesh out the possibility of applying these ideas, a conceptua
design is presented below in a brief format. An expanded di scussi on of
the various design conponents and questions to answer then follows.

A conceptual design

This design is a radical departure from standard CCD style readout as
it capitalizes on CMOS i mager devel opnent that has been carried out in
the acadenic and commercial arenas. The notivation for the method
described below is to extend the dynam ¢ range of the inmages obtained
for both bright and faint regions relative to the default, CCD-like,
operation. The concept is to readout the focal plane every 50
mlliseconds using 12 bits of digitization. Each non-destructive
readout takes place in 1 nmillisecond and is followed by a 49
mllisecond integration period. |ndividual pixels are reset as needed
after readout. Each “exposure” for the LSST archive would be
constructed by optimally conbining ~256 sanpl es taken over a 12.8
second period. Naively, the dynamc range i s expanded by ~256! in
bright regions (because of pixel resets). Faint regions also benefit
fromthe nultiple sanpling, which yields | ower effective read-noise.
Further details of the focal plane nodules, functionality, and data
flow are described bel ow.

The LSST focal plane will consist of ~2500 imager nodul es, each
consisting of a ~1cmx lcmarray of 1024 10 micron pixels. The imager
nmodul es convert the integrated flux of incom ng photons to digitized
signals. The signals are routed fromthe nodule via a short optica
fiber link to a concentrator nodule. The imger nodul es are grouped in
sets of 50, with one concentrator nodule for each set. The
concentrator nodul es serve two functions. They control the operation of
the sensor nodules and route the digitized signals fromthe canera

1 256 times the 12-bit maximum of 4096 — value in electrons depends on the gain — see below.



housi ng to data acquisition nodules external to the tel escope. The
external nodul es serve the function of assenbling the 50 multipl exed
i mger data streanms containing the 2500 sub-images for injection into
the i mage processing pipeline.

Each i mager nodul e conprises 4 layers (figure 1): a photo-di ode array,
bonded to a CMOS active pixel matrix, followed by an anal og-to-digital
conversion layer and an optical fiber output |ayer. For this discussion
it is assuned that the bonding “problenf between the photo-di ode array
and the CMOS ASIC is solved. The CMOS pixels are active photogate
style optim zed for | ow read noise with non-destructive readout and

i ndi vi dual reset functionality. The pixel array is divided into 32
sets of 32 colums with a total of 32 outputs. The pixel array |ayer
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is connected to an anal og-to-digital conversion |layer by of the order
of 100 connections using standard flip-chip methods. The ADC | ayer,
with 32 12-bit converters, also contains additional circuits for
timng, resetting, and routing. Using a sinilar approach, of the order
of 50 data/control connections will route data fromthe ADCs to

the optical transm ssion |ayer.

Figure 1. Basic schematic for imager modules

Photonetric accuracy (of the detector) nust be better than 1 part in
1000. Hence pixel signals nust be neasured with >10 bit accuracy and
digitization will be carried out at 12 bits of resolution with a

nom nal gain of ~3 electrons/adu. For additional flexibility, the
digitized data will be transferred at 16 bits. The design relies on a
row based readout (figure 2). Each 1024 pixel rowis read out via 32
out puts at ~30 ns per pixel (33 MHz) for a total of ~lus per row It
will take 1nms to digitize and readout the entire 1024x1024 sensor. The

thirty-two ADCs will operate in parallel. Each digitization includes a
mechani smfor resetting of the pixel well if the pixel is likely to
saturate before the next digitization. |If a pixel is reset, the unused

13" bit will be set to flag the event. In addition it may be possible
and advant ageous to have a dual gain system where pixels above ~12000



el ectrons are digitized at ~24 electrons/adu to allow for up to ~100000
el ectrons digital- full-well to fit in the 4096 adu limt of the 12 bit
ADC converter. Again, an additional flag (14'" bit) would be used to

i ndicate the gain setting. Every 30ns a 32 x 16-bit word will be
transferred over a 16Chit/s short optical link to the concentrator

Wth 12 bits representing the pixel signal, the remaining 4 bits wll
be used as flags for pixel reset, pixel gain, and possibly other
guantities. The sensor readout sequence woul d take place every 50 s
and require powering-up of the ADCs and optical fiber circuits for just
~1.5 ns yielding a ~3% duty cycle. That is, the inmager nodul es woul d be
fully read out at 20 Hz with digitization to 12 bits, pixel reset based
on signal l|level, and possibly a dual-gain approach. Based on existing
12 bit ADC converters operating at 33 MHz, each nodul e woul d consune
~300 mlli-watts. This figure may be reduced as | ower power ADC
converters come on the market.
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Figure2 Anal og processing ASIC for a 1Kx1K pixel array. Al colums are read out
in parallel. Arow pointer controlled by the sequencer defines which pixel on
each colum is to be read. Signals (red) generated by the sequencer define

whi ch pixels are to be reset. Assuming a pixel size of 10unx10um overhead of a
pi xel on the vertical sides and on the top side of the 1cmx lcm array of 10um
and a 50um overhead on the bottomside the effective area is about 99% of the
total area

Each concentrator nodul e woul d accept 50 incomng fibers and output a
single fiber to a control roomfacility where the pixel imges wuld be
built up fromthe nultiple capture streanms. It would sequentially
trigger the readout of the 50 i mager nodules at 1 per mlli-second. The
output fiber would then operate at ~100% duty cycle. Each concentrator
modul e is estimated to consune less than 1 watt. The net power
consunption for the entire inmager array and concentrator nodules is
under 1000 watts and includes all imaging functions inside the Dewar.

For ~2500 1kx1k nodul es, grouped by 50, with one concentrator nodul e
per group, there will be 50 fibers running at ~100% duty cycle with a
data rate of ~16 CGhit/sec feeding a cluster of data acquisition
"conputers". These will conbine the inconming 20 Hz data streamto build
integrated i mages with effective exposure tinmes of ~10-20 seconds.

Wth 50 groups of 50 1kx1k nodul es, running at 20 Hz, a single nodule
in each group woul d readout during each 1ms readout period. The

mul ti pl exi ng schene is:

2500 x 1024 ---> 2500 x 32 ---> 2500 x 1 ---> 50
pi xel - row ADC channel s short-fiber 1ong-fibers.

Movi ng the task of conbining the nulti-sanple data stream physically
away fromthe caneral/tel escope structure allows for optim zation
flexibility, and the use of cheaper hardware to carry out the task

Each i mager nodul e (1kx1k) wi |l produce 2Moytes/readout or 512 Moytes
per nominal 256 cycle inmage acquisition. There will be a set of 2500
"processes” (>1 per cpu perhaps) which would optinmally conbine the data
streaminto a single ~16-18 bit/pixel imge which includes cosmic ray
rejecti on and expanded dynam ¢ range.

Discussion

Multiple Capture Scheme

The design rests on using multiple non-destructive reads with signa

l evel triggered resets to neasure the photon flux received by each

pi xel . The CMOS architecture provides the possibility of non-
destructive reads, addressable pixel reset, and shutterless operation
which are required for this scheme. 1In nore detail, consider the set

of pixel values, {Q} (j=1,.,256), which nust be conbined to forma
single LSST image. An initial sanple, Q, is taken after a gl obal reset
of all pixels at tine t=0. The initial sanple contains readout noise,
reset noise, and offset fixed pattern noise. In the case of no resets,
subsequent reads have a value Q = (iph + iqg)]T + (Nnoise-terns), where

iph i's the photocurrent, iq4 is the dark current, tTis the 50 mllisecond



sanple time, and the noise-terns include readout noise, reset noise,
of fset fixed pattern noise and shot noise. Wen i, is |arge enough to
cause resetting of the pixel well, the expression becones:

Q = (ipn *+ia)(i-jmT + (noise-ternms),
Were j,is the index of the mM" reset and additional noise terms are
added for each reset. The resulting set of values, {Q}, nust then be
used to estimate the quantity: (iph + ig). On the bright end, the pixe
val ue will have been reset many tinmes, while on the faint end, only the
| ate sanples will have a signal usefully above the noise |level. Wrk
on determ ning an optinmal algorithmfor conbining the sanpl es has
al ready been well devel oped (Liu 2002, Fowl er 2002) albeit w thout the
dual gain. Methods for conmbining the full set, and recursive real-tine
net hods have been anal yzed. The upshot is that these nmethods are
straightforward and can yield greatly increased dynam c range at the
bright end via the nultiple resets and at the faint end by optinally
wei ghting the multiple sanples. |In particular, the | ast sanples are
heavily weighted in the faint pixel case and the read noise is reduced
as a function (~sqgrt()) of the nunber of useful (high weight) sanples.
These net hods were devel oped for the 1000 sanpl es/sec 8-bit regi ne but
shoul d apply equally well to the 20 sanpl es/sec 12-bit regi me descri bed
here. Either during the multi-capture inage construction, or after
t he usual astrononical inmage calibration techni ques would al so be
applied. In particular, dark subtraction and flat field corrections
woul d be applied. This technique has several other benefits. The
nom nal read noise requirenent for LSST (5 el ectrons) constrains the
CMOS t echnol ogy process features at or above 0.25 microns. The multiple
capture schene may allow rel axation of the read noi se requirenent for a
single read which may nake device fabrication easier. Al so, cosmc
rays could easily be rejected fromthe data stream nmaking a second
“observation” unnecessary. In particular, the nomnal 2 exposure {10s
exposure, 2s readout, 10s exposure, slew& eadout} schenme would be
replaced by a single “inage” {256 sanples in 12.8 seconds, slew&conbine
i mage strean} thereby increasing the area coverage rate of the survey.
A nore conpl ete anal ysis and nodel i ng canpai gn of noi se and dynanic
range i s needed for the 20 Hz nultiple capture schene described above,
however the work that has been carried out and published (Liu, Fow er
and others) shows that the approach is worth pursuing.

CDS and multiple capture

Correl ated Double Sanpling (CDS) circuitry will be l[ocated on
each set of 32 colums at the multipl exer output before presentation of
the signal anplitude to the ADC. It will renpove the fraction of the
noi se and other effects (i.e. biases drift) that affect the response of
the pixels as long as they remain constant between the two sanpling
pul ses (the conmponent of noise and other effects at frequencies
substantially below the interval between the sanpling pul ses).

Different inplenentations are possi bl e depending on the frequency
spectrum of the effects and noise to be renoved. In the sinplest case
the reference/ background is sanpled at the start of the readout of each
row and is used for each cluster of 32 columms. The di stance between
sanpl es of the background by the CDS is ~1us. A nore extensive case
woul d operate the CDS at pixel readout intervals of 30ns.

Ef fects such as injection levels associated with the readout are
dependent on pixel level circuitry and signal strength. They constitute
Fi xed Pattern Noise. Wth the proposed nultiple readout schene these



effects can be perceived as being cumul ati ve hence deleterious to the
intent of mnimzing pixel noise. It is suggested that these effects
can be neasured during a characterization/calibration phase of the
nodul es. Correction data stored in look up tables is used in real tine
or prior to aggregating the data fromthe 256 readouts. It must be
noted that such look up tables may require 20 to 40 points per pixe
and possibly 100CGbhytes of storage but this is readily achi evabl e using
currently available 1Ghit nenory chips. Alternatively if these
corrections are not made in real tinme the overall storage needed will
reside on disk and is insignificant in regard to total storage needs.
The topol ogy of the pixel circuitry nmust ensure that readi ng out does
not affect the charge stored under the pixel. Several recent
publications including (Fowl er 2002) seemto indicate that the noise
can be reduced substantially using nultiple readouts. It should be a
priority to verify that their conclusions can be extended to the case
of the focal plane of the LSST.

Physical layer 3:ADC conversion details

Wth the CMOS architecture, it is possible to inagine conplete
parallelismw th digitization inplenented inside each pixel. |In fact
this has been carried out (Liu 2002) in the small array, 1000
frames/sec 8-bit regime. However, the LSST requirenments on the accuracy
favor a separation of the anal og readout fromthe digitization
function. In this conceptual design, space considerations argue for the
choi ce of 32 ADC converters on the third physical |ayer rather than
goi ng to one ADC converter per colum or with fewer, faster converters.

Also it nust be noted that for a hybrid detector, the entire ASIC pixe
area is available for readout functionality and hence it would be
possible to envision further in pixel functionality with the fully
paral | el scheme nentioned above as an exanple. For this discussion
however, an architectural conmonality between nonolithic and hybrid
CMOS det ectors has been mai nt ai ned

The function of the 3rd physical layer is to sequence the real tine
digitization including the reset of individual pixels during readout,
to attach additional information such as: gain setting and pixel reset
to the digitized signal and to route the pixel data to the transni ssion
link. Under conputer/operator control the sequencer operating nodes and
reset threshold are programable. The building bl ocks of the |ayer

are:

- The sequencer: a sinple state machine that can be inplenmented in a
FPGA or a custom CMOS ASI C

- The ADCs: assum ng 3e-/ADU, a 12-bit ADC will support maxi mum signals
of ~12,000e-. If physical layer 2, the anal og processing |ayer supports
dual gain operation an optional 24e-/ADU with a maxi mum si gnal of

~96, 000e- will be available on intense signals. The 12-bit resol ution
ADCs wi Il support 32 colums each. Thirty-two ADCs operating at |ess
than 40MHz are needed to digitize the 1Kx1K pi xel nodule in about 1ns.
Current technol ogy provides 4 ADCs operating at up to 65MHz in a single
package. Power consunption is of the order of 250mVN per ADC but the
active duty cycle is only ~<3% A power down pin allows the power to be
reduced to very low |l evels when digitization is not needed. The ADCs
may be purchased as dies in order to optimze the packaging. It is



expected that future ADC offerings will provide | ower operating power
as well as nore ADCs per die.

- Multiplexing structures to route the data to the transm ssion |ink.
The functionality of the layer is shown on figure 3.
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Figure 3. Physical Layer 3



Power Dissipation

The design assunmes a currently available off the shelf 12bit analog to
digital converter. The follow ng estimtes can be made per 1Kx1K
devi ce:

Sensor and anal og readout: 20mV

ADCs and sequencer*: 250mwv
Transm ssion |ink**: 10mw
Tot al : ~300nmwV

* Assunes 1ns total readout tine, ADCs being active 3% of the tine
(1.5ms per readout, 49nms integration). Quad ADCs consum ng 940mN when
active, 3 mWwhen powered down with 8 quads used per 1Kx1K.

** Assumes 500nmW per 10CGhit short haul Iink operating 2% of the tine.

The total power dissipation of the focal plane is 300mMAx2500 or ~750W

Taki ng into consideration the design and technol ogy driven reduction in
power over the last 6 years of 12 bit ADCs operating at digitization
rates of ~40MHz and assunming that the trend continues as driven by

mar ket demands, the power dissipation of a 1Kx1K could be reduced by a
at least 1/3 over the next few years.

Physical layer 2: Analog processing/Reset scheme

The anal og processor associated to each pixel consists of a buffering
structure to the colum, the reset and gating structure. The readout is
under the control of the sequencer part of physical layer 3. The
readout is colunmn based neaning that signals frompixels sitting on the
same colum will follow the sane physical path to the ADC. Wen the
sequencer selects a row all pixels on that row will feed their signa

to the correspondi ng colum anal og data path. In regard to the anal og
readout all columms operate in parallel at a cycle per pixel (row of
the order of 1us.

Thirty-two adjacent colums feed their signals through a multiplexer to
a conmon ADC. In order to cover a large signal range up to ~100, 000e- a
dual gain node can be inplenented. The resulting dynanic range wll
then be of the order of 2x107 covering an extended range of stellar
magni t udes.

The reset of individual pixels will be decided based on their signa
level in the previous recording. If a dual gain node is inplenmented the
decision to reset may be nmade by the conparator selecting the gain or
by a digital conparator to be associated with each ADC. I n each case a
digital signal will be sent on the relevant colum triggering the
reset. In either case a threshold value originating with the
experimenter will be provided by the sequencer. In addition a gl oba
reset will be provided that sinultaneously reset all pixels. A
functional sketch of the layer is given figure 2.

Areas for further investigation



Overall system definition and tradeoffs:

1. Operating nodes, relations to the sequencing of the tel escope.
2. Systeminterdependenci es: mechani cal accuracy, power dissipation
packagi ng, installation, maintenance.

Physical layer 1:

1. Expandi ng use of indium bunmping to 10um pitches.
2. O her bonding nethods i.e.: anisotropic conductive filnms, SIO CMOS
3. Material deposition: what material? Si, SiGe, Wat type of
deposi ti on? Anorphous, epitaxial
4. Characterization nmethods of physical layer 1 regardl ess of the
t echnol ogy used.

Physical Layer 2:

1. Modeling of noise perfornmance under the READ/ RESET and READ/ NO RESET
scenari o.

2. Prototyping a test device which can provide results that can be
extrapolated to a 1Kx1K

3. Characterization nethods of physical |ayer 2.

Physical layer 3

1. Characterize ADC performance at envisioned speed.

2. System design: detailed definition of functionality, optiona
features, inplications on power dissipation and packagi ng.

3. Sequencer definition

Physical layer 4:

1. Multi-nodul e backpl ane definition. Packagi ng and assenbly rel at ed
i ssues. Maintainability.

2. Search for a | ow power optical Iink. Commercial or specific.

3. Concentrator/ Router

Summary

The proposed conceptual design offers substantive advantages over the
“standard” CCD or CMOS readout in regard to dynam c range, readout
time, possibly signal to noise managenent and certainly flexibility of
use. It relies fundanentally on the prenise that hybrid pixels arrays
at 10pum pitch are feasi ble whether using a flip chip approach or a
deposition approach. Cearly this assunption nust be verified as soon
as possible. The design is also fully conpatible with a nonolithic
approach if deenmed acceptable. This conceptual design requires a steep
up front investnent in devel opment but is portent of major costs
reducti ons at design, construction, characterization and operation
times.

This work was performed under the auspices of the U S. Departnent of
Energy, National Nuclear Security Adm nistration by the University of
California, Lawence Livernore National Laboratory under contract No.
W 405- ENG- 48
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